The use of selective serotonin reuptake inhibitors has shown functional improvement after stroke. Despite this, the role of serotoninergic neurotransmission after cerebral ischemia evolution and its involvement in functional recovery processes are still largely unknown. For this purpose, we performed in parallel in vivo magnetic resonance imaging and positron emission tomography (PET) with [ 11 C]DASB and [ 18 F]altanserin at 1, 3, 7, 14, 21, and 28 days after middle cerebral artery occlusion (MCAO) in rats. In the ischemic territory, PET with [ 11 C]DASB and [ 18 F]altanserin showed a dramatic decline in serotonin transporter (SERT) and 5-HT 2A binding potential in the cortex and striatum after cerebral ischemia. Interestingly, a slight increase in [ 11 C]DASB binding was observed from days 7 to 21 followed by the uppermost binding at day 28 in the ipsilateral midbrain. In contrast, no changes were observed in the contralateral hemisphere by using both radiotracers. Likewise, both functional and behavior testing showed major impaired outcome at day 1 after ischemia onset followed by a recovery of the sensorimotor function and dexterity from day 21 to day 28 after cerebral ischemia. Taken together, these results might evidence that SERT changes in the midbrain could have a key role in the functional recovery process after cerebral ischemia.
INTRODUCTION
Brain dysfunction promoted by cerebral ischemia affects several daily life activities such as sensorimotor integration, movement, walking, language, vision, balance, mood and sensory perception. 1 Although most of the patients have shown spontaneous behavioral improvements in the first few weeks or months after a stroke, 2 the recovery is generally incomplete. 3 Therefore, the correct understanding of the mechanisms involved in the process of recovery after stroke is crucial to the design of novel therapies for acute stroke. 4 The functional recovery includes some mechanisms, such as neo-formation of brain vessel, increase in axonal sprouting, development of new dendrites, and functional reorganization through recruitment of new brain regions, and neuromodulation to the opposite hemisphere. 5 Recently, brain function restoration after brain damage has also been related to changes in the dopaminergic neurotransmission system after cerebral ischemia in rats. 6 Likewise, clinical studies have shown that the use of pharmacological therapies that increase brain concentrations of brain amines such as dopamine and serotonin promotes a positive impact on stroke outcomes. 7 Moreover, the modulation of serotoninergic neurotransmission by using selective serotonin reuptake inhibitors such as fluoxetine and citalopram improved motor and cognitive recovery in both the clinic 8, 9 and the laboratory. 10 Positron emission tomography (PET) with [ 11 C]DASB and [ 18 F]altanserin has widely been used to investigate the availability of serotonin transporter (SERT) and serotonin receptor 5-HT 2A in both humans and animals. [11] [12] [13] [14] This imaging method has proven to be helpful in elucidating the role of serotoninergic mechanisms in aging, 15 and neurologic and psychiatric pathologies such as Alzheimer's disease, 16 depression 17, 18 obsessive-compulsive disorder, 19 bipolar disorder, 20 and schizophrenia. 21 Nevertheless, the role of serotoninergic neurotransmission in stroke evolution using PET imaging has scarcely been explored to date.
The purpose of the present study was to investigate the late postischemic SERT and 5-HT 2A receptor changes in the rat brain after transient cerebral ischemia using PET with both [ 11 C]DASB and [ 18 F]altanserin. In particular, we were interested in clarifying the relationship of the serotoninergic system with the recovery of longterm brain function underlying experimental stroke. The results reported here might have a significant practical importance as they could provide novel information about the role of the serotoninergic system in the evolution of cerebral ischemia and may ultimately contribute to a better design of new therapeutic strategies for the improvement of the functional recovery after stroke.
MATERIALS AND METHODS

Animals and Surgery
Adult male Sprague-Dawley rats (300 g body weight; Janvier, France) (n ¼ 8) were used. Animal studies were approved by the animal ethics committee of CIC biomaGUNE and local authorities and were conducted in accordance with the Directives of the European Union on animal ethics and welfare. Transient focal ischemia was produced by a 2-hour intraluminal occlusion of the middle cerebral artery (MCA) followed by reperfusion as described elsewhere. 22 Briefly, rats were anesthetized with 4% isoflurane in 100% O 2 , and a 2.6-cm length of 4-0 monofilament nylon suture was introduced into the right external carotid artery up to the level where the MCA branches out and animals were sutured and placed in their cages with free access to water and food. After 2 hours, the animals were reanesthetized and the filament was removed to allow reperfusion. Rats were repeatedly examined before (day 0) and at 1, 3, 7, 14, 21, and 28 days after ischemia. The animals studied at day 0 have been considered as the baseline control group.
Magnetic Resonance Imaging
T2-weighting (T 2 W) magnetic resonance imaging (MRI) scans were performed in ischemic animals at 24 hours after reperfusion to select the rats (n ¼ 8) presenting cortico-striatal lesions to be included in the PET studies. Before the scans, anesthesia was induced with 4% isoflurane and maintained by 2% to 2.5% of isoflurane in 100% O 2 during the scan. Animals were placed into a rat holder compatible with MRI acquisition systems and maintained normothermia using a water-based heating blanket at 371C. Measurements were performed by using an 11.7T Bruker Biospec system (Bruker, Ettlingen, Germany) with a 72-mm volumetric quadrature coil for excitation and a 20-mm surface coil for reception. Acquisition parameters for the T2-weighted spin-echo images were repetition time/echo time ¼ 3,300/30 ms, field of view ¼ 1.8 Â 1.8 cm 2 , matrix¼ 200 Â 200, number of excitations ¼ 3, and slice thickness ¼ 0.8 mm. Contiguous slices covering all the infarcted volume were acquired and fat suppression was used.
Magnetic Resonance Imaging Image Analysis
The MRI (T 2 W) images were used to calculate the lesion volume. Regions of interest were manually defined using the Open Source software 3D Slicer image analysis software (Version 3.6.3; www.slicer.org) for each rat on the region of increased signal in the ipsilateral hemisphere. The total lesion volume was calculated by summing the area of the infarcted region of all slices affected by the lesion.
Radiochemistry
For the production of [ 11 C]DASB, [ 11 C]CH 4 was directly generated in an IBA Cyclone 18/9 cyclotron and transferred to a TRACERlab FX C Pro synthesis module (GE Healthcare, Waukesha, WI, USA) where [ 11 C]methyl iodide was generated. At the end of the process, [ 11 C]CH 3 I was distilled under continuous helium flow (20 mL/min) and introduced in a 2-mL stainless steel reaction loop, precharged with a solution of N-Methyl-2-(2-amino-4cyanophenylthio)-benzylamine (MASB, 1 mg; ABX, Radeberg, Germany) in dimethylsulfoxide (80 mL). The reaction mixture was purified by means of high performance liquid chromatography. The collected fraction was reformulated by dilution with water (20 mL), retention on a C-18 cartridge (Sep-Pak Light, Waters, Milford, MA, USA) and elution with ethanol (1 mL) and saline (9 mL). Filtration through a 0.22-mm sterile filter yielded the final [ 11 C]DASB solution. Typical radiochemical yields and specific activities were 33±5% (end of bombarment) and 135±18 GBq/mmol (end of synthesis), respectively. Radiochemical purity was 498% in all cases.
[ 18 F]altanserin was produced using the TRACERlab FX FN synthesis module (GE Healthcare). The [ 18 F]F À was trapped in a preconditioned QMA cartridge and transferred to the reactor by sequential elution with a solution of K 2 CO 3 (3.5 mg) in water (0.5 mL) and a solution of Kryptofix K2.2.2 (15 mg) in acetonitrile (1 mL). After evaporation to dryness, a solution containing 5 mg of nitro-altanserine (ABX) in 0.5 mL of dimethylsulfoxide was added. The reaction was performed at 1501C for 10 minutes. The reactor was then cooled at room temperature, 3 mL of mobile phase consisting of 0.08 M sodium acetate solution adjusted to pH 5 (70%, v/v), ethanol (10%), and tetrahydrofuran (20%) were added and the mixture was purified by high performance liquid chromatography. The collected fraction was formulated by dilution with water (20 mL), retention on a C-18 cartridge (Sep-Pak Light, Waters) and elution with ethanol (1 mL) and physiologic saline solution (5 mL) containing ascorbic acid (10 mg). Filtration through 0.22 mm sterile filters yielded the final [ 18 F]altanserin solution. Average radiochemical yield was 10.8 ± 3.2% (end of synthesis). Radiochemical purity was higher than 97% in all cases.
Positron Emission Tomography Scans and Data Acquisition
The PET scans were repeatedly performed before (day 0) and at 1, 3, 7, 14, 21, and 28 days after reperfusion using a General Electric eXplore Vista CT camera (GE Healthcare). Scans were performed in rats anesthetized with 4% isoflurane and maintained by 2% to 2.5% of isoflurane in 100% O 2 . The tail vein was catheterized with a 24-gauge catheter for intravenous administration of the radiotracer. Animals were placed into a rat holder compatible with PET acquisition system and maintained normothermic using a water-based heating blanket. Animals were subjected to two PET scans at all seven time points to assess SERT binding ([ 11 C]DASB) and 5-HT 2A receptor binding ([ 18 F]altanserin) at every time point before and after ischemia onset. First, around 20 MBq of [ 11 C]DASB was injected concomitantly with the start of the PET acquisition. Brain dynamic images were acquired (34 frames: 6 Â 5, 6 Â 15, 6 Â 60, 8 Â 120, 8 Â 300 seconds) in the 400 to 700 keV energetic window, with a total acquisition time of 64 minutes, providing a 175 Â 175 matrix with a pixel size of 0.887 mm and 61 slices. Second, after at least 180 minutes (B9 half-lives of 11 C), animals were reanesthetized and placed on the PET camera and around 20 MBq of [ 18 F]altanserin was injected concomitantly with the start of the PET acquisition. The acquisition protocol was the same as for [ 11 C]DASB. After each PET scan, computed tomography acquisitions were also performed (140 mA intensity, 40 kV voltage), providing anatomic information of each animal as well as the attenuation map for the later image reconstruction. Dynamic acquisitions were reconstructed (decay and computed tomography-based attenuation corrected) with filtered back projection using a Ramp filter with a cutoff frequency of 0.5/mm.
Positron Emission Tomography Image Analysis
The PET images were analyzed using the PMOD image analysis software (PMOD Technologies Ltd, Zü rich, Switzerland). To verify the anatomic location of the signal, PET images were coregistered to the anatomic data of an MRI rat brain template. Two type of volumes of interest (VOIs) were established as follows: (1) A first set of VOIs were defined to study the whole-brain [ 11 C]DASB and [ 18 F]altanserin nondisplaceable binding potential (BP ND ) evolution. Whole-brain VOIs were manually drawn in both the entire ipsilateral and contralateral hemispheres containing the territory irrigated by the MCA on slices of a template MRI (T 2 W) rat brain template from the PMOD software. (2) A second set of VOIs were automatically generated in midbrain, cortex, striatum, and cerebellum by using the regions proposed by the PMOD rat brain template to study the evolution of BP ND of the tracers to the specific regions in both ipsilateral and contralateral cerebral hemispheres. The simplified reference-tissue model 23 from the PMOD software was used to assess BP ND . This model relies on a two-tissue reversible compartment for a target region (ipsilateral or contralateral VOI) and a single-tissue compartment for a reference region (cerebellum).
Neurologic and Behavioral Testing
Two main neurologic tests were used to assess neurologic and behavioral deficits after cerebral ischemia in rats. The assessment of neurologic outcome induced by cerebral ischemia was based on the previously reported 9-neuroscore test. 24 Four consecutive tests were performed on every ischemic animal before (day 0) and at 1, 3, 7, 14, 21, and 28 days after MCA occlusion (MCAO) as follows: (1) spontaneous activity (moving and exploring ¼ 0, moving without exploring ¼ 1, no moving ¼ 2); (2) left drifting during displacement (none ¼ 0, drifting only when elevated by the tail and pushed or pulled ¼ 1, spontaneous drifting ¼ 2, circling without displacement, or spinning ¼ 3), (3) parachute reflex (symmetric ¼ 0, asymmetric ¼ 1, contralateral forelimb retracted ¼ 2), and (4) resistance to left forepaw stretching (stretching not allowed ¼ 0, stretching allowed after some attempts ¼ 1, no resistance ¼ 2). Total score could range from 0-(normal) to a 9-(highest handicap) point scale.
The adhesion/removal tape test was performed as described elsewhere 25 to evaluate the deficits and behavioral recovery on every ischemic animal before (day 0) and at 1, 3, 7, 14, 21, and 28 days after MCAO. In brief, it consists of applying adhesive tape on each forepaw of the animal and measuring the time-to-contact (the duration time till contact with the mouth) and the time-to-remove them, until a maximum of 2 minutes. Animals were trained in this task 2 days before ischemia. This behavior implies correct paw and mouth sensitivity (time-to-contact) and correct dexterity (time-to-remove).
Statistical Analyses
For BP ND values, the statistical analysis was performed as follows: BP ND values for each animal, brain region (whole brain, striatum, midbrain, and cortex), and brain hemisphere (ipsilateral and contralateral) were calculated at each time point. Values of BP ND within each region, time point, and hemisphere were averaged and compared with the averaged baseline control values (before MCAO) using one-way analysis of variance (ANOVA) followed by Dunnett's multiple comparison tests for post hoc analysis. Neurologic outcome comparisons were performed as follows: animals were subjected to the 9-neuroscore test before MCAO and at 1, 3, 7, 14, 21, and 28 days after cerebral ischemia. The results within each time point were averaged and compared with baseline average values using Mann-Whitney U-tests. Behavioral outcome comparisons by forepaw (ipsilateral and contralateral) were performed as follows: animals were subjected to the adhesion/removal tape test before MCAO and at different time points after cerebral ischemia. The results within each time point and forepaw (ipsilateral and contralateral) were averaged and compared with baseline values using Mann-Whitney U-tests. To assess the differences between forepaws (ipsilateral versus contralateral), behavioral outcome averaged values at each time point and forepaw were compared using two-way ANOVA. Statistical analyses were performed with the GraphPad Prism software (La Jolla, CA, USA).
RESULTS
Serotonin transporter and the postsynaptic receptors 5-HT 2A binding were explored by PET imaging after a 2-hour MCAO in rats. All the images were quantified in standard units, i.e., BP ND for both [ 11 C]DASB and [ 18 F]altanserin PET. The images with normalized color scales illustrate the evolution of the PET signals at days 0 (control), 1, and 28 after cerebral ischemia (Figures 1 and 2 ).
Brain Damage Assessment after Cerebral Ischemia
The extent of brain damage after cerebral ischemia was assessed using T 2 W MRI at 1 day after ischemia onset. Hyperintensities of T 2 W images showed similar infarct extents as well as locations affected. All ischemic rats subjected to nuclear studies showed cortical and striatal MRI alterations (mean ± s.d. ¼ 277.54 ± 83.89 mm 3 ). Coregistration of PET to the MRI images of the same animal showed the decline in both [ 11 C]DASB and [ 18 F]altanserin binding in relation to the injured area at 24 hours after MCAO. Despite this decline, [ 11 C]DASB images showed a minor binding decrease in the striatum than those showed by the [ 18 F]altanserin ( Figure 2 ). These findings were also observed throughout the entire study (Figures 3 and 4 ).
[ 11 C]DASB Positron Emission Tomography after Middle Cerebral Artery Occlusion
The time course of SERT was evaluated using [ 11 C]DASB in both the ipsilateral and contralateral midbrain, striatum, cortex, and whole brain at 0 (control), 1, 3, 7, 14, 21, and 28 days after MCAO (Figure 3 ). Different brain regions showed a different [ 11 C]DASB binding level after long-term focal cerebral ischemia. In the ipsilateral midbrain, the BP ND values for [ 11 C]DASB showed a downward trend from day 1 to day 3 in relation to control followed by a slight recovery thereafter at day 7 after reperfusion. Subsequently, [ 11 C]DASB PET signals showed a progressive increase from day 14 to day 21 followed by a statistically significant increase at day 28 after ischemia (Po0.05, Figure 3A ). In the contralateral midbrain, the [ 11 C]DASB PET signal showed quasi-normal values after cerebral ischemia ( Figure 3B ). In the ipsilateral striatum, [ 11 C]DASB PET signal decreased sharply from 65% at day 1 to ca. 75% at day 28 of control values (Po0.01, Figure 3C ), whereas the contralateral striatum did not show any significant change. Ipsilateral (occluded MCA) cortex and whole brain showed an abrupt decline in the [ 11 C]DASB PET signal from day 1 to day 28 after cerebral ischemia, similarly to that presented by the striatum (Po0.01, Figures 3E  and 3G ). Contralateral (nonoccluded MCA) BP ND of [ 11 C]DASB also showed pseudo-control values after long-term reperfusion in both cortex and the entire whole region ( Figures 3F and 3H) . The major contribution of cortex and striatum to the binding potential of [ 11 C]DASB in the entire ipsilateral brain hemisphere is due to the large volume of these specific brain regions in relation to the total brain volume, despite the higher density of 5-HT cell bodies expressing SERT are located in the midbrain raphe nuclei. Interestingly, BP ND values evidence an effect of cerebral ischemia over SERT not only on the impaired tissue as cerebral cortex and striatum, but also on remote regions to the lesion as observed in the midbrain.
Time Course of [ 18 F]altanserin Positron Emission Tomography after Middle Cerebral Artery Occlusion
The time course of serotonin receptor 5-HT 2A was evaluated using [ 18 F]altanserin in both the ischemic and the contralateral cortex, striatum, and the whole brain at 0 (control), 1, 3, 7, 14, 21, and 28 days after MCAO (Figure 4 ). Binding potential (BP ND ) of [ 18 F]altanserin decreased sharply at day 1 after reperfusion in the ipsilateral striatum from day 1 to day 28 after reperfusion (Po0.01, Figure 4C ). In contrast, the PET signal showed similar results over time in the contralateral striatum ( Figure 4B ). In the ipsilateral cortex, [ 18 F]altanserin binding potential decreased from ca. 1.25 to 0.50 from day 0 to day 28 after ischemia (Po0.01, Figure 4C ). In contrast, the contralateral cortex did not show any significant postischemic change over time ( Figure 4D ). Accordingly, ipsilateral and contralateral whole-brain hemisphere evidenced similar BP ND profiles to that presented in the ischemic ( Figure 4E ) and contralateral to the lesion cortex and striatum ( Figure 4F ). Time Course of Neurologic Score after Cerebral Ischemia Ischemic animals showed the major neurologic impairment at 1 day after MCAO in relation to control animals (day 0). After day 3, rats showed a trend to a progressive functional recovery over time. The neurologic impairment showed a significant increase versus that in the controls at days 1, 3, 7, 14, 21, and 28 (Po0.001). After day 3, the score decreased at days 7 (Po0.01), 14, 21, and 28 (Po0.001) in relation to day 1 after ischemia ( Figure 5 ).
Time Course of Behavioral Test after Middle Cerebral Artery Occlusion
Rats (n ¼ 8) were repeatedly subjected to the adhesion/removal tape test before and at 1, 3, 7, 14, 21, and 28 days after cerebral ischemia. Animals showed a worst taping contact ( Figure 6A) and remove ( Figure 6B ) performances of the contralateral in relation to the ipsilateral forepaw. Statistical analyses by using two-way ANOVA by forepaw (ipsilateral and contralateral) and time followed by the Bonferroni test show a significant increase in contact time in the contralateral forepaw at 1, 3, and 7 days with respect to corresponding times in the ipsilateral forepaw ( Figure 6A ). Statistical analyses by using Mann-Whitney U-tests within the ipsilateral forelimb showed a worst contact performance at 1, 3, and 7 days (Po0.001) followed by an improvement of paw and mouth sensitivity at 14 (Po0.001), 21 (Po0.01), and 28 days (Po0.05) with respect to day 0. In the ipsilateral forepaw, ischemic animals showed an increase in the time-to-contact at 1 (Po0.01) and 3 days (Po0.05) followed by a behavioral recovery from day 7 and onwards. Statistical analyses by using two-way ANOVA did not show statistical differences in the ipsilateral with respect to the contralateral forelimb ( Figure 6B ). Ischemic animals showed the worst performance of the taping remove test from day 1 to day 3 (Po0.001) followed by a dexterity recovery at 14, 21, and 28 days after ischemia (Po0.001) in the contralateral paw. Subsequently, the ipsilateral forepaw showed the uppermost time-to-remove at 1 and 3 days (Po0.001) followed by a progressive improvement from day 7 (Po0.01) and day 14 (Po0.05) to a pseudo control (day 0) values at days 21 and 28.
DISCUSSION
This is the first study to evaluate the long-term evolution of both SERT and 5-HT 2A receptor by using [ 11 C]DASB and [ 18 F]altanserin after focal cerebral ischemia in rats. The present study showed [ 11 C]DASB binding along the midline of the rat brainstem that projected to virtually the whole of the forebrain (Figure 1) . On the contrary, [ 18 F]altanserin binding was observed in the cerebral cortex and striatum (Figure 2 ). The BP ND values for [ 11 C]DASB varied from 2 in control midbrain to B1.75 in striatum and to 1 in cerebral cortex (Figure 3 ). These results are in accordance with the distribution of SERT, which is highly expressed in cell bodies of the dorsal and median raphe nuclei and in relatively low densities in axons and nerve terminals in thalamus, striatum, and cortex. 26, 27 Serotonin transporter transports serotonin (5-HT) from synaptic spaces into presynaptic neurons. Therefore, SERT is crucial for the regulation of 5-HT transmission because it controls the 5-HT availability at the site of the postsynaptic receptors. 28 Likewise, the serotoninergic neurotransmission is mediated through different postsynaptic receptors such as the 5-HT 2A .
[ 18 F]altanserin PET imaging studies showed similar BD ND of 5-HT 2A receptor in both cerebral cortex and striatum. These results are in agreement with the distribution of 5-HT 2A reported previously 26 (Figure 4 ).
Serotoninergic Changes after Cerebral Ischemia
Serotoninergic neurotransmission has shown to be affected by cerebral ischemia in both rats 29 and humans 30 and the modulation of this neurotransmission system has enabled a recovery of movement after stroke. 8, 9 Thus, as these findings suggest a key role of serotoninergic neurotransmission in functional recovery after stroke, we sought to evaluate the serotoninergic neurotransmission evolution by using PET after focal cerebral ischemia in rats.
In the present study, T 2 -weighted MRI images showed hyperintense lesions in both the cortical and striatum during the initial 24 hours of reperfusion after cerebral ischemia (Figure 2) . These signal changes have been associated with the histopathologic damage and neuronal loss being considered as a reliable surrogate of tissue infarction. 31, 32 Likewise, PET imaging showed a dramatic decrease in SERT and 5-HT 2A in the region affected by the ischemic insult that was in agreement with the tissue outcome at 24 hours after reperfusion. Both [ 11 C]DASB and [ 18 F]altanserin showed similar binding reduction in the ipsilateral cortex after cerebral ischemia. In the ipsilateral striatum, PET data showed a major decline in the 5-HT 2A availability compared with those of SERT (Figures 3 and 4) . These findings could be argued by the heterogeneous binding showed by [ 11 C]DASB over the rat brain in comparison with the well-defined binding of [ 18 F]altanserin in the cortico-striatal area that might promote a major spillover effect of the [ 11 C]DASB PET signal to the striatum from contiguous regions. Interestingly, besides the serotoninergic changes in the brain regions affected by the lesion, increased SERT availability has been observed in remote regions to the injury as the ipsilateral midbrain area (Figure 3 ). Therefore, a decrease in serotonin levels is expected in the lesioned regions as 5-HT 2A receptor binding is considered as a surrogate marker of the levels of 5-HT in the brain. 33 Different regulation systems have been proposed to compensate such decrease in 5-HT levels as feedback mechanisms involving both presynaptic and postsynaptic 5-HT 1A /5-HT 2A autoreceptors located in cell bodies and nerve terminal. Such autoreceptor might be involved in the regulation of the firing of raphe nuclei 5-HT cell neurons. 34 As a consequence of this regulatory system, an increase in 5-HT levels may be expected in the ipsilateral serotoninergic pathway promoting a compensatory overexpression of the SERT availability as a key regulator of the synaptic levels of this transmitter. 33 Hence, the progressive increase in SERT availability in the ipsilateral raphe nuclei from day 14 to day 21 followed by the uppermost binding at day 28 after cerebral ischemia could be interpreted as a regulatory strategy to compensate the previous decrease in the serotonin levels after the ischemic insult. Likewise, these findings are in agreement with the increase in the serotonin availability observed in the brainstem of migraineurs as a response to altered endogenous 5-HT levels. 35 Despite the increase in [ 11 C]DASB binding in the ipsilateral midbrain, a lack of changes in both SERT and 5-HT 2A availability has been observed in the contralateral hemisphere after ischemia. These results stand in contrast to the increased D 2 dopaminergic receptor availability observed in the contralateral hemisphere after 2-hour MCAO, which could have a key role in the functional recovery after cerebral ischemia. 6 Functional Recovery after Stroke Adult brain after stroke has shown a real capacity to undergo both physiologic and anatomic modifications, which lead to motor and cognitive recovery. 1 Recovery processes have been related to proliferation of neural and glial precursors, increased axonal sprouting, and branching of dendrites, and development of new synapses. 36 Recent studies have also hypothesized that dopamine D 2 receptor might contribute to the recovery of brain function after cerebral ischemia. 6 Likewise, the evaluation of long-term functional recovery after cerebral ischemia is a key component in improving the clinical relevance of experimental stroke studies. In the present study, two neurologic tests were performed to assess long-term motor and behavior outcome after cerebral ischemia in rats. The ischemic rats showed the highest neurologic impairment at 24 hours after cerebral ischemia onset. Such sensorimotor outcome was followed by a gradual recovery over time that reached the major recovery 4 weeks later. Subsequently, ischemic animals showed similar skills to those presented by healthy animals ( Figure 5 ). Mouth sensitivity (time-to-contact) and correct dexterity (time-to-remove) were performed by using the adhesion/removal tape test ( Figure 6 ). Ischemic rats showed a trend to worst performance of the left forepaw (contralateral) to that presented by the right (ipsilateral) forepaw due to the ischemic lesion affected part of the right cerebral hemisphere. The time-tocontact the patch on the right forepaw was impaired from day 1 to day 3 followed by a recovery to control values. The left forepaw controlled by the ischemic brain hemisphere showed the worst impairment of both time-to-contact and time-to-remove skills from day 1 to day 3 followed by a sharp decrease from day 14 to day 28 after ischemia onset. Surprisingly, ischemic animals also showed dexterity impairment in the ipsilateral forelimb from day 1 to day 3 followed by a better behavioral recovery to that presented by the contralateral forepaw. These results stand in contrast with studies that did not observe impairment in the ipsilateral forepaw after mild cerebral ischemia in mice. 37 Therefore, the degree of impairment experienced by the left forepaw seems to be related to the magnitude of the ischemic damage. Both functional tests performed in the present study showed similar results during the first week after ischemia followed by a gradual recovery of neurologic handicap and a faster improvement of contact/removal patch test from second to third week after reperfusion. Thus, animals experienced a quasirecovery of functional outcome 1 month after stroke. At this time point, PET showed a significant increase in SERT binding in the ipsilateral rat midbrain, which was preceded by a gradual increase from day 7 after ischemia. Therefore, the present findings may evidence the key role of serotoninergic neurotransmission in the recovery process after cerebral ischemia. Likewise, these results are in agreement with the efficacy of selective serotonin reuptake inhibitors in neurofunctional recovery of nondepressed patients with recent stroke. 8, 9, 38, 39 Summary and Conclusions In summary, we report here for the first time the PET imaging of serotoninergic system using both [ 11 C]DASB and [ 18 F]altanserin and its relationship with the functional recovery after transient focal cerebral ischemia in rats. These results showed a long-term increase in ipsilateral [ 11 C]DASB uptake in the ipsilateral midbrain raphe nuclei and a dramatic decrease in both [ 11 C]DASB and [ 18 F]altanserin in ischemic cortex and striatum. These changes are in accordance with neurologic and behavioral recovery over time. Therefore, these findings might contribute to better understand the role of serotoninergic neurotransmission in stroke evolution, which could foster the development of alternative treatments for the enhancement of the recovery of impaired functions and provide the life quality of persons surviving stroke.
